1 0 0 this heterogeneity and thus we first performed a global analysis before subdividing cortices 1 0 1 into several compartments. To compare CR cell subtypes in the different cortices, we imposed a theoretical 1 0 4 migration starting point for all cells in order to analyze each cortex separately ( Fig. 2A, B) 1 0 5 and to pool the data for each condition (Fig. 2C ). We qualitatively confirmed that cell 1 0 6 viability was preserved during the 8 hrs of image acquisition by following the progression of 1 0 7 migration during 4 successive time intervals in pooled cortices (Fig. S1A ). In control 1 0 8 conditions for both CR cell subtypes, track path length increased progressively suggesting 1 0 9 that cell migration globally continued up to the end of the imaging period. For S-CR cells in 1 1 0 mutants, tracks were shorter from the beginning to the end of migration indicating that 1 1 1 neurons seemed to cover lower distances than in control conditions. In contrast, tracks of CH-1 1 2 CR cells in mutants evolved similarly to those in controls (Fig. S1A ). Furthermore, for both 1 1 3 CR cell subtypes, the mean speed after 480 min of recording showed no differences between 1 1 4 control and mutant cells suggesting that blocking extracellular Pax6 did not affect their ability 1 1 5 to migrate (Fig. S1B ). The progressive increase in track length and the maintenance of an We next analyzed the migration pattern of CR cells after 480 min of recording, in each 1 1 9 separate cortex ( Fig. 2A ) and pooled cortices ( Fig. 2B ) by quantifying the trajectories along 1 2 0 the medio-lateral and the rostro-caudal axis (Fig. 2B ). Compared to controls, both mutant S-1 2 1 and CH-CR cells presented shorter track path length with a lower directionality index 1 2 2 indicating that mutant CR neurons migrate along less linear trajectories ( Fig. 2A-C) . The 1 2 3 majority of S-and CH-CR cells in controls migrated towards lateral regions with a preference 1 2 4 for the rostro-lateral (rl) direction (35.6% and 51.3 %, respectively) ( Fig. 2B ). In mutants, 1 2 5 compared to controls, the percentage of S-CR cells migrating in rl directions increased 1 2 6 (45.5% vs 35.6%, respectively) ( Fig. 2B) whereas that of CH-CR cells migrating caudo-1 2 7 laterally (cl) was preferentially enhanced (35.4% vs 21.1%, respectively) ( Fig. 2B ). To further 1 2 8 examine these differences, we analyzed distances travelled by CR cells focusing on lateral To study whether the effect of extracellular Pax6 neutralization depends on the region 1 4 1 of the developing cortex where CR cells migrate, we took into account the differences in CR 1 4 2 cell track start positions. Cortices were subdivided into 4 compartments along the medio- and CM compartments are closer to the CR cell sources than RL and CL compartments which 1 4 7 abut the "arrival regions". CR migration was analyzed separately for the 4 compartments ( distances along the medio-lateral axis with respect to controls. However, along the rostro- well as when reaching the end of migration in the lateral cortex. Notably, they also indicate 1 6 0 that in the lateral compartments, where the Pax6 concentration is higher rostrally, the 1 6 1 neutralization of its extracellular activity redirects the cells in the rostral direction, suggesting 1 6 2 a repelling activity of high extracellular Pax6 concentration. excessive size of the movies. We have now devised a method to analyze over 15 GB time- lapse files by movie frame separation and reconstruction (see Methods). We were thus able to Although percentages along the Z-axis might not represent real in vivo values due to tissue 1 7 2 shrinking in flattened cortex cultures, our data demonstrate that close to CR sources (RM and 1 7 3 CM domains), S-and CH-CR cells migrated at 40% or 30% depth respectively, with a wider 1 7 4 dispersion between the ventricular side and the pial surface in the mutant CH-CR cells ( regions of interest ( Fig. 4A,B ) demonstrate that blocking extracellular Pax6 strongly changes 1 8 0 the distribution of CR neurons along the depth of the developing cortex. another CR cell, its leading process retracts, its direction of migration changes by more than 1 8 5 90°, and its migration speed increases (Villar-Cervino et al., 2013a) . In support of contact-1 8 6 repulsion, we found that CR cells migrate faster at the onset of migration when cell density is 1 8 7 higher and, in particular, CH-CR cells displayed enhanced migration speed upon 1 8 8 neutralization of extracellular Pax6 (Fig. S2A, B ). After 1hr of recording, the speed was suggesting that blocking extracellular Pax6 may have contrasted effects at the onset and at the 1 9 1 end of migration.
Non-cell autonomous effects on CR cell contact repulsion
1 9 2
We therefore tested whether changes in contact-repulsion may be involved in the 1 9 3 migration defects observed in mutants ( Fig. 5 ). GFP + CR cells were clustered into two groups 1 9 4 depending on whether or not they encounter and contact another GFP + CR cell during 1 9 5 migration ( Fig. 5A ). In control conditions, S-and CH-CR cells behaved differently, as CH-1 9 6 CR cells displayed higher number of contacts in medial and lateral domains compared to S-1 9 7 CR cells (74% in CL and 71% in CM vs 64% in RM and 56% in RL). Blocking extracellular 1 9 8
Pax6 increased contact numbers between S-CR cells in the RL domain (73% vs 64%) and, on 1 9 9 the contrary, decreased contact numbers in CH-CR cells in both CM and CL territories ( 5A). In a more thorough analysis, we further separated cells initiating contacts in two groups showed contact-repulsion in medial than in lateral domains confirming previous results that 2 0 5 contact-repulsion could be an important mechanism for cell dispersion near CR sources were more marked for CH-CR cells suggesting that neutralization of Pax6 is more efficient in 2 0 9 caudal regions. In this study we used a genetic strategy to trigger the expression and secretion of a 2 1 2 single chain antibody against Pax6 to neutralize it in the extracellular space in the developing 2 1 3 cortex in order to study its non-cell autonomous function during neuronal migration. We show 2 1 4 that neutralizing this secreted transcription factor modifies the tangential and Z trajectories internalization. Based on these previous results, we favor the idea that non-cell autonomous 2 1 9
Pax6 activity requires its internalization to cause changes at the transcriptional, translational 2 2 0 and epigenetic levels. However, we cannot preclude a pure extracellular effect triggered by involved requires further study at a molecular and cellular level. distances, neutralizing Pax6 had a negative effect, although stronger on Euclidian distance, 2 3 0 both on S-CR and CH-CR cells migrating with a rl direction towards the high concentration 2 3 1 of Pax6 gradient expression. Notably, this had no effect on S-CR cells whose tracks were 2 3 2 oriented along the cl direction away from the high Pax6 concentration. In terms of 2 3 3 directionality, S-CR and CH-CR cells responded similarly with a strong tendency to migrate 2 3 4 more rostro-laterally in the mutant, an effect particularly striking for S-CR cells in the lateral 2 3 5 region where Pax6 expression is higher. Together these results suggest a repulsive activity of 2 3 6 high extracellular Pax6 concentration in the most lateral regions. Furthermore, given that for both subtypes the effect of Pax6 neutralization on Euclidian distance is stronger than on path 2 3 8 length and that a reduction in directionality index is observed without changing average 2 3 9 migration speed (Fig. S1) , the phenotype reflects a disorganization of migration with little 2 4 0 effect on the ability to migrate. Wild-type CH-CR cells were previously found to migrate by are eliminated, compared to control embryos (Ceci et al., 2010) . They appeared to travel 2 4 3 longer distances and to disperse more broadly along the rostro-caudal and Z axis. Interestingly, we observed that CR cells of both subtypes travelled shorter distances and 2 4 5 dispersed less, on both axis, upon specific removal of extracellular Pax6. This difference is 2 4 6 best explained by the fact that, in contrast with the Sey mutant situation, neutralizing Pax6 activities, suggesting a specific function of secreted Pax6 on CR cell migration. We also find 2 4 9 that the effect on CR cell directionality upon neutralization of secreted Pax6 depends on cell 2 5 0 position at the onset of recording and that migration direction along the rostro-caudal axis is 2 5 1 more highly disturbed in lateral regions, where Pax6 is expressed at higher levels. This dose-2 5 2 and region-dependent activity suggests that the graded intracellular Pax6 distribution in the 2 5 3 embryonic cortex is preserved in the extracellular space and that secreted Pax6 is poorly 2 5 4 diffusible. Indeed, extracellular HPs, as also found for several classical morphogens The analysis of CR cell dispersion within the neuroepithelium (Z axis) reveals some 2 6 1 differences in the effect of Pax6 neutralization between S-CR and CH-CR cells and also 2 6 2 between territories. In the medial compartments (RM and CM), neutralizing Pax6 had little 2 6 3 influence on migration in the Z axis, although a wider dispersion was noticed for CH-CR cells 2 6 4 in the mutant. In the lateral compartments, both S-CR and CH-CR cells migrated closer to the 2 6 5 surface in the mutant than in the wild type. This effect was milder for CH-CR cells since 2 6 6 control cells navigated more randomly dispersed along the Z axis. It has been proposed that 2 6 7 chemokines such as CXCL12 secreted by the meninges both enhance CR cell motility and 2 6 8 maintains them close to the pial surface (Borrell and Marin, 2006) . Our results thus suggest 2 6 9 that extracellular Pax6 and CXCL12 may have opposite effects on the migration of CR cells Contact-repulsion was shown to be an important mechanism by which CR cells 2 7 2 populate the cortex at early stages. In live-imaging studies, CR cells are repelled upon contact 2 7 3 with neighbor cells resulting in the collapse and retraction of their leading process and a 2 7 4 1 2 change in their direction of migration (Villar-Cervino et al., 2013b; Barber et al., 2015) . It 2 7 5 was also shown that a proportion of neurons randomly change their migration direction 2 7 6 without contacting adjacent cells (Villar-Cervino et al., 2013b) . In the case of S-CR cells, 2 7 7 neutralizing Pax6 increased the number of contacts in the RL but not in the RM compartment, 2 7 8 although contacts were more often followed by repulsion in the latter compartment. In the 2 7 9 case of CH-CR cells, we found a decrease in the number of contacts in the CM and CL with 2 8 0 increased and decreased repulsion in the CM and CL compartments, respectively. These 2 8 1 results suggest that there is no systematic correlation between contact and repulsion. Eph/ephrin signaling was previously shown to be involved in contact-repulsion. Abrogating involved in Pax6 activity. Nevertheless, we underscore the similarity between CR cell (according to (Barber et al., 2015) ). We excluded from the analysis CR cells migrating at 3 4 2 middle levels along the rostro-caudal axis for which the origin could not be ascertained. 1478 The overall directionality in migration was determined for each region of interest by 3 4 7 automatic clustering tracks to a common origin using the Imaris transpose tracks function. In 3 4 8 Figure 3E , a mean displacement vector along the medio-lateral and rostro-caudal axis was 3 4 9 calculated for each region and represented in a 2-D vectorial projection clustered at a common 3 5 0 origin. CR cell behaviors at contacts were subdivided and analyzed based on previous 3 5 1 strategies (Villar-Cervino et al., 2013b; Barber et al., 2015) . Briefly, contacts between two (C) Directionality index is the ratio of Euclidean distance to path length trajectory distance. Values are mean ± SEM; ANOVA, ns, not statistically different, **p< 0.01, ***p< 0.001. CL: Figure S2 
